Gap junctions are plasma membrane areas enriched in channels that provide direct intercellular communication. Gap junctions have a high turnover rate; however, the mechanisms by which gap junctions are degraded are incompletely understood. In the present study, we show that in response to phorbol ester treatment, the gap junction channel protein Cx43 (connexin43) is redistributed from the plasma membrane to intracellular vesicles positive for markers for early and late endosomes and for the endolysosomal protease cathepsin D. Immunoelectron microscopy studies indicate that the double membranes of internalized gap junctions undergo separation and cutting, resulting in multivesicular endosomes enriched in Cx43 protein. Using preloading of BSA-gold conjugates to mark lysosomes, we provide evidence suggesting that the degradation process of the double-membrane structure of annular gap junctions occurs prior to transport of Cx43 to the lysosome. The results further suggest that bafilomycin A1, an inhibitor of vacuolar H + -ATPases, causes accumulation of Cx43 in early endosomes. Taken together, these findings indicate that internalized gap junctions undergo a maturation process from tightly sealed double-membrane vacuoles to connexin-enriched multivesicular endosomes with a single limiting membrane. The results further suggest that along with the processing of the doublemembrane structure of annular gap junctions, connexins are trafficked via early and late endosomes, finally resulting in their endolysosomal degradation.
INTRODUCTION
Neighbouring cells are able to exchange ions, metabolites and cell-signalling molecules of < 1 kDa via hydrophilic channels composed of proteins called connexins [1] . Connexins are tetramembrane-spanning proteins that oligomerize into hemichannels [2, 3] . These hemichannels, each consisting of six connexins, are transported to the plasma membrane and interact with similar structures in the adjacent cells, thereby forming complete intercellular channels [4] . The intercellular channels become densely packed, and the plasma membrane domains enriched in such channels are called gap junctions. Gap junctional intercellular communication plays an important role in cell growth, differentiation and development [5] .
One gap junction plaque may contain from only a few to many thousand individual channels [4] . Studies in living cells have revealed that gap junctions are dynamic compartments that drift laterally in the plasma membrane [6, 7] . Newly synthesized connexin channels are continually added to the edges of existing gap junctions. From there, they migrate towards the centre of the gap junction, where they are removed by endocytosis [8, 9] . Gap junctions have a high turnover rate, and connexins usually have a half-life of 1.5-5 h [10] [11] [12] [13] . Regulation of gap junction endocytosis is considered to be an important mechanism for modulating gap junctional intercellular communication [14] [15] [16] . A gap junction contains the plasma membranes of two neighbouring cells, which are tightly sealed to each other. During gap junction endocytosis, both membranes are internalized into one of the adjacent cells [17] . The lumen of the resulting double-membrane vacuole thus contains what was previously the cytosol of the neighbouring cell. The internalized gap junction, also called an annular gap junction, is then proteolytically degraded. The intracellular trafficking of connexin proteins after gap junction internalization is incompletely understood. However, both biochemical and morphological studies indicate that lysosomes play an important role in gap junction degradation [15] . Some electron microscopy studies suggest that annular gap junctions fuse directly with lysosomes [18, 19] . Others have shown that annular gap junctions sometimes have a complex structure, containing both single-and double-membrane profiles [20] [21] [22] . However, our knowledge of the changes in membrane topology that annular gap junctions undergo during their degradation process is still fragmentary.
The connexin protein family consists of > 20 members [23] . Cx43 (connexin43) is ubiquitously expressed in human tissues and is one of the best-studied connexins. Cx43 is often downregulated in cancer cells and has been reported to function as a tumour suppressor protein [24, 25] . The tumour-promoting phorbol ester PMA induces a rapid and transient block in Cx43 gap junctional communication in many cell types [26] [27] [28] [29] . This block in intercellular communication is often followed by accelerated endocytosis and degradation of Cx43 gap junctions [30, 31] . PMA has also been reported to block assembly of gap junctions [32] .
The aim of the present study was to gain a better understanding of the endocytic trafficking and degradation process of Cx43 gap junctions. We show that after PMA treatment, Cx43 is transported to early and late endosomes and co-localizes with cathepsin D. Using immunogold electron microscopy, we provide evidence suggesting that annular gap junctions undergo a maturation process from tightly sealed double-membrane vacuoles to Cx43-enriched multivesicular endosomes containing a single limiting membrane. The results further indicate that inhibition of vacuolar H + -ATPases causes an accumulation of Cx43 in early endosomes.
Cx43 [33] . Mouse anti-Cx43 antibodies were purchased from Chemicon International (Temecula, CA, U.S.A. 
Cell culture and treatment
The rat liver epithelial cell line IAR20 was obtained from the International Agency for Research on Cancer (Lyon, France). The cells were originally isolated from normal in-bred BD-IV rats and express endogenous Cx43 [34, 35] . Cells were grown in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10 % (v/v) fetal bovine serum (Gibco BRL Life Technologies, Inchinnan, U.K.). Cells (1 × 10 6 ) were plated on to 60 mm Petri dishes (Costar, Cambridge, MA, U.S.A.) 48 h prior to experiments. The growth medium was replaced with DMEM supplemented with 1 % fetal bovine serum after 24 h.
Determination of gap junctional intercellular communication by quantitative scrape loading
Quantitative scrape loading was performed as described previously [36, 37] . Briefly, the confluent cell layer was washed twice with PBS, 0.05 % (w/v) Lucifer Yellow (Sigma) dissolved in PBS without Ca 2+ and Mg 2+ was added to this, and the cell layer was cut with a surgical scalpel. After 3.5 min, the Lucifer Yellow solution was removed, and the dishes were rinsed four times in PBS, fixed in 4 % (w/v) formaldehyde in PBS and mounted with a glass coverslip. Digital monochrome images were acquired by a Cohu 4912 CCD (charge-coupled device) camera (Cohu, San Diego, CA, U.S.A.) and a Scion LG-3 frame grabber card (Scion, Frederick, MD, U.S.A.).
Western blotting
Cells were washed with PBS and scraped in 500 µl of SDS electrophoresis sample buffer (10 mM Tris, pH 6.8, 15 %, w/v, glycerol, 3 %, w/v, SDS, 0.01%, w/v, Bromophenol Blue and 5 %, v/v, 2-mercaptoethanol). The cell lysates were sonicated and heated for 5 min at 95
• C. Samples were separated by SDS/8 % PAGE and transferred on to nitrocellulose membranes as described previously [33] . The blotting membranes were developed with 4-chloro-1-naphthol (Bio-Rad) or chemiluminescence (Cell Signaling Technology). In some experiments, the intensity of Cx43 bands was quantified using Scion Image (Scion). Statistically significant differences between samples were identified using ANOVA with Tukey-Kramer multiple comparisons test.
Immunofluorescence microscopy
The IAR20 cell monolayer was fixed with 4 % formaldehyde in PBS for 30 min at room temperature, rinsed in PBS and permeabilized with 0.1 % Triton X-100. Cells were incubated first with PBS containing 5 % (w/v) dried milk and 0.1 % Tween 20 for 1 h and subsequently with primary antibodies for 1 h, washed with PBS and incubated with Alexa-conjugated secondary antibodies for 1 h. The cells were mounted with Mowiol medium. Immunofluorescence images were captured using a Nikon E800 microscope with a Spot-2 camera. For co-localization studies, cells fixed on coverslips were examined in a Leica TCS-NT laser confocal microscope. Image processing was performed with Adobe Photoshop version 7.0.
Preparation of colloidal gold protein conjugates
Colloidal gold particles were prepared as described previously [38] . Solutions containing 8 nm colloidal gold particles were complexed with BSA as described in [39] . Aggregates were removed by centrifugation at 16 000 rev./min for 25 min in a J2-21 Beckman centrifuge equipped with a JA-20 rotor. BSA-gold was subsequently recovered by centrifugation of the supernatant at 35 000 rev./min for 40 min in a Beckman L8-80 ultracentrifuge equipped with a 60Ti rotor.
Immunoelectron microscopy
Cells were incubated with 8 nm BSA-gold for 10 min to identify early endosomes, or for 30 min to identify both early and late endosomes. To identify lysosomes, cells were incubated with 8 nm BSA-gold for 3 h and chased overnight. Cells were treated as indicated and fixed in 4 % formaldehyde and 0.1 % glutaraldehyde in 0.1 M PHEM buffer (120 mM Pipes, 50 mM Hepes, 20 mM EGTA and 4 mM MgCl 2 , pH 7.4) for 2 h, washed and scraped in PBS supplemented with 1 % gelatin. Cells were collected by centrifugation and the pellet was embedded with 10 % (w/v) gelatin in PBS. The cell pellet was incubated in 2.3 M sucrose overnight at 4
• C, mounted and frozen in liquid nitrogen. Ultrathin cryosections were cut at − 110
• C with a diamond knife in an Ultracut microtome (Leica), and collected and thawed on 2.3 M sucrose. Sections were transferred to formvar/carboncoated grids and labelled with anti-Cx43 antibodies followed by Protein A-gold conjugates (obtained from G. Posthuma and J. W. Slot, University Medical Center, Utrecht, The Netherlands) as described previously [40] . The labelled cryosections were examined with a Philips CM10 electron microscope.
RESULTS
PMA induces relocalization of Cx43 from the plasma membrane to intracellular vesicles positive for markers for early and late endosomes and cathepsin D PMA has two major effects on Cx43 gap junctions in IAR20 cells. The first is a rapid and nearly complete inhibition of gap junctional intercellular communication ( Figure 1A ) [36] . The second is a dramatic acceleration of the gap junction endocytosis rate. After 30 min of PMA treatment, nearly all Cx43 gap junctions are lost from the plasma membrane, and Cx43 is localized in intracellular vesicles ( Figure 1A ) [30] . As a first approach to study the endocytic trafficking of Cx43 gap junctions, the localization of Cx43 in relation to known endocytic markers was examined by confocal immunofluorescence microscopy. EEA1 is localized on early endosomes and is involved in homotypic fusion between early endosomes [41] . After 30 min of PMA treatment, Cx43 often localized in EEA1-positive endosomes ( Figure 1B ). In agreement with previous studies, EEA1 localized in special microdomains of the endosome [42] . Interestingly, Cx43 also often appeared to localize in microdomains of early endosomes. The Cx43 microdomains appeared to be distinct from the EEA1 microdomains. The tetraspanin CD63 is localized in late endosomes and lysosomes [43] . Internalized Cx43 was often found to localize in vesicles positive for CD63, indicating that Cx43 is transported from early to late endosomes and lysosomes. Cathepsin D is an aspartic endoprotease that has previously been reported to be localized within the endolysosomal system [44] . After PMA treatment for 30 min, some Cx43-positive vesicles were devoid of cathepsin D, while in other vesicles there was co-localization between Cx43 and cathepsin D, suggesting that a subpopulation of Cx43 had reached the lysosomes ( Figure 1B ). Together, these results indicate that Cx43 is transported to early endosomes in response to PMA treatment. This is followed by transport to late endosomes and lysosomes. We have previously shown that EGF induces endocytosis of Cx43 in IAR20 cells [45] . Also in response to EGF, Cx43 co-localized with EEA1, CD63 and cathepsin D, indicating that this trafficking pattern of Cx43 is not specifically induced by PMA (results not shown).
Immunoelectron microscopic evidence suggesting that internalized gap junctions undergo a maturation process to form multivesicular endosomes
In order to investigate the degradation process of Cx43 annular gap junctions with sufficient resolution to reveal the gap junction membrane topology, immunoelectron microscopy was performed. To identify lysosomes, cells were grown in a medium containing 8 nm BSA-gold conjugates for 3 h, followed by a 24 h chase. Under these conditions, the gold particles are taken up by endocytosis and accumulate in lysosomes [46] . The cells were subsequently left untreated or treated with PMA and fixed for electron microscopy. Cryosections of the cells were immunogoldlabelled for Cx43. In accordance with the immunofluorescence data, control IAR20 cells were frequently found to have gap junction plaques at the plasma membrane between neighbouring cells (Figure 2A ). Cells treated with PMA for 30 min were often found to have Cx43 labelling in intracellular vesicular structures. Some of these vesicles contained two tightly apposed membranes similar to the double membranes in intercellular gap junctions and are, in accordance with previous studies, here defined as annular gap junctions ( Figures 2B and 2C ). Annular gap junctions have previously been shown to be internalized gap junctions [17] . Sometimes, large areas of the annular gap junction double membrane appeared to have started to separate ( Figures 2B and 2C) . Importantly, membranes of gap junctions sometimes appeared to be cut and to form small single-membrane vesicles ( Figures 3A and  3B) . These vesicles were similar, both in size and shape, to the vesicles usually seen inside multivesicular endosomes [47] . Cx43 was also localized to multivesicular endosomes, many of which appeared to contain partly degraded gap junction membrane areas ( Figures 3C-3E ). Taken together, these results indicate that during their endocytosis, the two membranes of annular gap junctions are separated into two single membranes. Parts of these membranes are cut and form small vesicles, finally resulting in Cx43-enriched multivesicular endosomes.
Importantly, the annular gap junctions that had started their degradation process were devoid of 8 nm gold, indicating that their degradation process starts prior to fusion with lysosomes. Cx43 labelling was sometimes found in lysosomes, defined as electrondense vacuoles containing 8 nm gold particles ( Figure 3F ). However, we did not observe annular gap junctions fusing with lysosomes, or fragments of annular gap junctions in lysosomes. These results suggest that annular gap junctions are transformed into multivesicular endosomes before Cx43 is delivered to lysosomes. Annular gap junctions that had started their degradation process were in general labelled with more gold particles than intact annular gap junctions. This was possibly due to increased accessibility of the anti-Cx43 antibody to the C-terminal tail of Cx43 as a result of partial processing of the gap junction double membrane. Cells treated with PMA for 60 min showed little Cx43 labelling, both in multivesicular endosomes and lysosomes (results not shown). This observation is in agreement with previous studies showing that prolonged PMA treatment causes Cx43 degradation in IAR20 cells [30] .
The above findings indicate that annular gap junctions, consisting of two tightly apposed membranes, are processed to vacuoles consisting of single limiting membranes and many internal vesicles. To investigate whether such a splitting of the two membranes and formation of small intraendosomal vesicles are specific to PMA treatment, cells were treated with EGF, which has previously been shown to induce endocytosis of Cx43 in IAR20 cells [45] . Separation of the two membranes of gap junctions and formation of small Cx43-containing intravacuolar vesicles were also observed in EGF-treated cells (Figures 4A-4F ). Occasionally, annular gap junctions appeared to fuse with endosomes ( Figure 4B ). Also, in control IAR20 cells, Cx43 was sometimes found to be organized as annular gap junctions or localized in multivesicular bodies (results not shown). Together, these results indicate that the processing of annular gap junctions into multivesicular endosomes is part of the normal life cycle of Cx43, and is not specific to PMA treatment.
Immunoelectron microscopic evidence suggesting that Cx43 is transported to early and late endosomes following PMA treatment
Since the immunofluorescence data showed localization of internalized Cx43 in vesicles positive for markers for early and late endosomes, we wanted to examine the localization of internalized Cx43 in relation to early and late endosomes at the electron microscopic level. Previous studies have shown that when cells are incubated with BSA-gold for 10 min, internalized BSA-gold localizes in early endosomes [48, 49] . Thus, to investigate the localization of internalized Cx43 in relation to early endosomes, IAR20 cells were treated with PMA for a total of 30 min, with 8 nm BSA-gold present in the growth medium for the last 10 min. Cells were then fixed for electron microscopy and immunogold-labelled against Cx43. As expected, under these conditions, 8 nm BSA-gold was found in electron-lucent vacuoles containing only a few internal vesicles, and morphologically similar to early endosomes. Cx43 was frequently found to localize in vacuoles containing 8 nm gold (Figures 5A and 5B) . Some of these vacuoles were morphologically similar to early endosomes. Others appeared to have the characteristics of both early endosomes and annular gap junctions and are possibly hybrid organelles between these two types of vacuoles.
After a 30 min incubation, internalized BSA-gold localizes in both early and late endosomes [50] . Thus, to examine the localization of endocytosed Cx43 in relation to late endosomes, cells were co-incubated with PMA and 8 nm BSA-gold for 30 min. As expected, under these conditions, BSA-gold was not only found to localize in early endosomes, but also in vacuoles with a more globular shape than early endosomes and containing more internal vesicles. These vacuoles were, in accordance with previous studies, defined as late endosomes. By immunogold labelling, Cx43 was found to localize in these vacuoles ( Figures 5C and 5D ). These observations are in accordance with the immunofluorescence microscopy studies and indicate that Cx43 is transported to early and late endosomes after its PMA-induced internalization. Taken together, the electron microscopy data reveal two major events in the endocytic processing of annular gap junctions. The first is maturation of the double-membrane annular gap junction into a multivesicular endosome with a single limiting membrane. The second event, which appears to occur simultaneously with the processing of the annular gap junction into a multivesicular endosome, is trafficking of Cx43 to early endosomes, probably as a result of direct fusion between annular gap junctions and early endosomes.
Functional vacuolar H + -ATPases are required for efficient transport of Cx43 from early to late endosomes
The results presented above are consistent with a model in which annular gap junctions are integrated with early and late endosomes. To examine gap junction endocytosis further, it was of in- terest to elucidate how the endocytic trafficking of Cx43 is affected by inhibition of endosomal acidification. Previous studies have shown that weak bases block Cx43 degradation, indicating that endosomal acidification is required for Cx43 degradation [14] . However, it is not known at which stage in the degradation process of annular gap junctions endosomal acidification is required. To examine this, we used bafilomycin A1, a specific inhibitor of vacuolar H + -ATPases, to avoid potential unspecific effects of weak bases on Cx43 endocytosis. In agreement with previous studies, PMA treatment for 60 min caused a strong loss of Cx43 gap junctions, as determined by fluorescence microscopy. Under this condition, most of the Cx43 was found in the Golgi region, and the Cx43 signal was strongly reduced when compared with control cells (Figure 6A ). In contrast, if cells were incubated with bafilomycin A1 prior to PMA treatment, large amounts of Cx43 were found in intracellular vesicles. Similar results were obtained when PMA was preincubated with concanamycin A, another inhibitor of vacuolar H + -ATPases (results not shown). To evaluate further the effect of bafilomycin A1 on PMAinduced Cx43 endocytosis, the Cx43 protein level was examined by Western blotting. In SDS/PAGE, Cx43 usually forms three distinct bands, representing different phosphorylation states of the protein [51] . In agreement with the immunofluorescence data, PMA treatment for 60 min caused a strong loss of Cx43 protein as determined by using an antibody raised against the C-terminal tail of Cx43 ( Figure 6B ) [30] . This PMA-induced Cx43 degradation of Cx43 was significantly counteracted by bafilomycin A1. To investigate whether bafilomycin A1 affects the degradation of the C-terminal tail of Cx43 differently than the rest For both antibodies, the Cx43 band intensities on gels were measured using Scion Image. Results shown are the means + − S.E.M. for three independent experiments. Statistical analysis was performed using one-way ANOVA with Tukey-Kramer multiple comparisons test. Cells treated with cycloheximide and PMA had significantly reduced levels of Cx43 protein compared with cells treated with cycloheximide alone (*P < 0.05). This loss of Cx43 was significantly counteracted by bafilomycin A1 (**P < 0.05). (C) IAR20 cells were treated with bafilomycin A1 (200 nM) for 30 min prior to and during treatment with PMA (100 ng/ml) for 60 min. Cells were fixed and double stained with Cx43 (middle panels) and EEA1 or CD63 (left panels) antibodies as indicated and visualized using confocal immunofluorescence microscopy. Merged images are shown in the right panels, with yellow indicating co-localization. Insets show enlarged view of representative Cx43-positive endosomes. Scale bars, 10 µm.
of the Cx43 protein, Western blotting was performed with an antibody that recognizes the intracellular loop of Cx43. Also by these experiments, bafilomycin A1 was found to counteract the PMA-induced loss of Cx43 protein ( Figure 6B ). Similar results were obtained when PMA was preincubated with concanamycin A (results not shown). Together, these results indicate that functional vacuolar H + -ATPases are required for efficient endocytic trafficking and degradation of Cx43.
To examine at which stage in Cx43 endocytosis functional vacuolar H + -ATPases are required, cells preincubated with bafilomycin A1 prior to PMA treatment for 60 min were examined by confocal immunofluorescence microscopy. Under these conditions, most of the Cx43-containing vesicles were EEA1-positive, although some Cx43 was also found in vesicles positive for CD63 ( Figure 6C ). These results indicate that functional vacuolar H + -ATPases are a prerequisite for efficient transport of Cx43 from early to late endosomes.
We next examined the effect of bafilomycin A1 on Cx43 endocytosis by electron microscopy. To identify lysosomes, cells were grown in a medium containing 8 nm BSA-gold conjugates for 3 h, followed by a 24 h chase. The cells were then pretreated with bafilomycin A1 and added PMA for 60 min. Cells were fixed for electron microscopy and immunogold-labelled for Cx43. In accordance with the immunofluorescence microscopy observations, Cx43 labelling was, under these conditions, strongly enhanced compared with cells treated with PMA alone. Cx43 was mostly found in multivesicular structures, some of which resembled early endosomes ( Figures 7A and 7B ). Cx43 was also found in more electron-dense endosomes, often containing several intraendosomal vesicles ( Figures 7C and 7D) . Sometimes, these vacuoles contained what appeared to be remnants of gap junction double membranes. Importantly, most of the Cx43-positive vesicles were devoid of 8 nm gold, indicating that bafilomycin A1 inhibits endocytic trafficking of Cx43 before Cx43 enters lysosomes. Taken together, these results are in line with the immunofluorescence studies and indicate that endosomal acidification is required for Cx43 endocytosis at early stages, prior to transport of Cx43 to lysosomes. We occasionally observed Cx43-positive multivesicular endosomes that appeared to fuse with lysosomes ( Figure 7E ). These observations are in accordance with our hypothesis that annular gap junctions mature into multivesicular endosomes prior to transport of Cx43 to lysosomes. We also sometimes observed Cx43 labelling in enlarged multivesicular endosomes containing 8 nm gold particles ( Figure 7F ). Similar vacuoles were observed in cells treated only with PMA (results not shown). Possibly, these endosomes represent hybrid organelles between late endosomes and lysosomes (see the Discussion section).
DISCUSSION
In the present study, the endocytic processing of Cx43 gap junctions was examined using confocal immunofluorescence microscopy and immunoelectron microscopy. While Cx43 was localized in gap junctions between adjacent cells in control IAR20 cells, most of the Cx43 localized in intracellular vacuoles following PMA treatment. Sometimes, annular gap junctions in which the double membrane had started splitting were observed. The gap junction membranes further appeared to form intraendosomal, single-membrane vesicles similar to vesicles found inside multivesicular endosomes. Based on these observations, we propose that annular gap junctions undergo a maturation process and are transformed into single-membrane multivesicular endosomes enriched in connexin proteins. Simultaneously with this processing of the annular gap junctions into vacuoles with a single limiting membrane, the results suggest that Cx43 is transported to early endosomes, possibly as a result of direct fusion between annular gap junctions and early endosomes.
The observation that the double membrane of annular gap junctions might separate is in accordance with previous studies in other cell types [20, 21] . Annular gap junctions have also been reported to be able to form complex membrane profiles containing both single and double bilipid layers [20] [21] [22] . The origin of these single membranes inside the annular gap junction was, however, not clear. In the present analysis, we have shown that the singlemembrane vesicles inside annular gap junctions contain connexin protein. The present study further provides evidence suggesting that the single-membrane vesicles inside annular gap junctions are derived from splitting and cutting of the annular gap junction double membrane. In light of the present study, the complex annular gap junctions that have been described in previous studies might represent annular gap junctions that have started their processing into a multivesicular endosome [20] [21] [22] .
By immunofluoresence microscopy, internalized Cx43 was found to localize in CD63-positive vesicles, a marker for late endosomes and lysosomes. Immunofluorescence data show that Cx43 endocytosis starts approx. 10 min after PMA treatment, and new gap junctions are continually being internalized until approx. 45 min of PMA treatment (results not shown). Thus the endocytosis of Cx43 gap junctions in response to PMA treatment is not synchronized, which is reflected in the results showing that Cx43 localizes to both early and late endosomes after 30 min of PMA treatment. Internalized Cx43 also sometimes localizes in cathepsin D-enriched endosomal compartments. To the best of our knowledge, this is the first demonstration of co-localization between a connexin and a lysosomal protease. The transport of Cx43 to late endosomes and lysosomes is also supported by the electron microscopy data. Together, these observations indicate that annular gap junction-derived multivesicular endosomes follow the standard trafficking route of endosomes and are able to fuse with lysosomes. Previous studies in other cell types have suggested that annular gap junctions are able to fuse directly with lysosomes [18, 19] . In contrast with these studies, we did not observe annular gap junctions fusing with lysosomes. Neither did we observe fragments of gap junctions localized in lysosomes. Internalized gap junctions therefore appear to be able to follow two alternative and distinct endocytic pathways: one involving direct fusion between annular gap junctions and lysosomes and the other involving a maturation process of annular gap junctions into multivesicular endosomes, which subsequently fuse with lysosomes. Probably, there are cell-specific variations with regard to which endocytic pathway is used in the degradation of gap junctions. However, it must be taken into consideration that without specific labelling, it might be difficult to differentiate between the various vacuoles involved in endocytic transport. In the present study, in which lysosomes could be efficiently differentiated from late endosomes by the uptake of BSA-gold, the degradation processing of the gap junction double membrane into single membranes was found to occur prior to fusion with lysosomes. It should, however, be noted that, although we did not observe annular gap junctions fusing with dense core lysosomes, we cannot rule out that this occurs in IAR20 cells.
Although lysosomes sometimes were found to contain Cx43, most of the lysosomes were devoid of Cx43 labelling. Possibly, this low labelling in lysosomes might be due to rapid degradation of Cx43 after fusion between late endosomes and lysosomes. Alternatively, the low Cx43 labelling in lysosomes might reflect that most of the Cx43 is degraded in a hybrid organelle between late endosomes and lysosomes, rather than in lysosomes. There is accumulating evidence indicating that the main function of lysosomes is to store acidic proteases, while the bulk of degradation of endocytosed proteins occurs in hybrid organelles between late endosomes and lysosomes [46] . In this scenario, lysosomes would periodically fuse with late endosomes and form hybrid organelles in which Cx43 degradation occurs. It is also possible that most of the Cx43 is degraded in late endosomes prior to fusion with lysosomes. Indeed, several proteases are localized in early and late endosomes, which could be involved in partial or complete degradation of Cx43 [44] . An important subject for future studies will be to define the endolysomal proteases involved in Cx43 degradation as well as to determine at which stage in the endocytosis Cx43 degradation occurs.
Previous studies using weak bases indicate that endosomal acidification is a prerequisite for degradation of Cx43 gap junctions [15] . However, it is not known at which stage in Cx43 endocytosis acidification is required. Furthermore, weak bases may have additional effects than counteracting endosomal acidification. Bafilomycin A1 is a specific inhibitor of vacuolar H + -ATPases and neutralizes acidic organelles [52] . In the present study, we found that bafilomycin A1 strongly counteracted PMAinduced endocytic trafficking of Cx43. In line with this observation, bafilomycin A1 counteracted the PMA-induced Cx43 degradation. Under these conditions, most of the Cx43 localized in early endosomes. However, Cx43 was also partly localized in CD63-positive vesicles, suggesting that the block in Cx43 trafficking from early to late endosomes was not complete. Together, these results indicate that vacuolar H + -ATPases are required for efficient trafficking of Cx43 from early to late endosomes. Interestingly, a previous study showed that cells transfected with a mutant subunit of vacuolar H + -ATPases showed redistribution of Cx43 from the plasma membrane to an intracellular localization [53] . This redistribution of Cx43 was associated with a loss in gap junctional communication [53] .
Although the immunofluorescence microscopy studies suggest that most of the Cx43 is localized at the plasma membrane in control cells, it is likely that a subpopulation of Cx43 is localized in early and late endosomes in control cells. Indeed, by electron microscopy, Cx43 was sometimes found to localize in early and late endosomes in untreated cells (results not shown). Given the role of early endosomes as pivotal sorting stations for endocytosed proteins, the finding that Cx43 is transported to early endosomes might have significant physiological relevance. For instance, it opens the possibility that a subpopulation of Cx43 is constitutively recycled to the plasma membrane after internalization. Interestingly, a pool of the major component of adherens junctions, E-cadherin, is continually recycled from early endosomes to the plasma membrane. This recycling has been suggested to be a mechanism for regulating the availability of Ecadherin for junction formation in development, tissue remodelling and tumorigenesis [54] . Importantly, redistribution of Cx43 from the plasma membrane to early endosomes was recently reported to be an early event in the carcinogenesis of Leydig cells [55] . Possibly, impaired endocytic trafficking of Cx43 might be involved in reducing gap junctional communication during tumour development.
In conclusion, the present study indicates that following PMAinduced internalization of Cx43 gap junctions, annular gap junctions are subjected to a maturation process, forming Cx43-enriched multivesicular endosomes. Concomitantly with this processing of the gap junction double membranes, the annular gap junctions integrate with early endosomes. These annular gap junction-derived vacuoles then follow the standard trafficking route of multivesicular endosomes, finally resulting in connexin degradation by endolysosomal proteases. The results further indicate that trafficking of Cx43 from early to late endosomes requires functional vacuolar H + -ATPases.
